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1 Introduction 

Recent experiments of the neutrino oscillation go into the new phase of precise determina- 
tion of mixing angles and mass squared differences [Il[2]- Those indicate the tri-bimaximal 
mixing for three flavors in the lepton sector [3]. Indeed, various types of models leading 
to the tri-bimaximal mixing have been proposed, e.g. by assuming several types of non- 
Abelian flavor symmetries. 

One of natural models realizing the tri-bimaximal mixing has been proposed based on 
the non-Abelian finite group A4. Since the original papers [1] on the application of the 
non-Abelian discrete symmetry ^4 to quark and lepton families, much progress has been 
made in understanding the tri-bimaximal mixing for neutrinos in a number of specific 
models [5], El El [H] • Therefore, it is important to clarify the physical implication of the ^4 
model carefully. 

The supersymmetric extension of the standard model is one of interesting candidates 
for physics beyond the weak scale. Within the framework of supersymmetric models, flavor 
symmetries constrain not only quark and lepton mass matrices, but also mass matrices 
of their superpartners, i.e., squarks and sleptons. That is, flavor symmetries realizing 
realistic quark/lepton mass matrices would lead to specific patterns of squark and slepton 
mass matrices as their predictions, which could be tested in future experiments. For 
example, D^ flavor models [9], [TOl [TTl [12] would also lead to the lepton tri-bimaximal 
mixing. Their supersymmetric models have been studied in Ref. [13] and it is shown that 
the D4 flavor models predict the degeneracy between the second and third families of 
slepton masseso The A^ model would lead to a different prediction in slepton masses. 

Although squarks and sleptons have not been detected yet, their mass matrices are 
strongly constrained by experiments of flavor changing neutral current (FCNC) pro- 
cesses [in] a When squark and slepton masses are of order of the weak scale, the FCNC 
experimental bounds, in particular the /i — *> 67 decay, requires strong suppression of off- 
diagonal elements in squark and slepton mass squared matrices in the basis, where fermion 
mass matrices are diagonalized. Non-Abelian flavor symmetries and certain types of their 
breaking patterns are useful to suppress FCNCs. (See e.g. [HI [191 [13].) In addition to 
flavor symmetries, their breaking patterns are important to derive quark and lepton mass 
matrices and to predict squark and slepton mass matrices. Thus, it is important to study 
which pattern of slepton mass matrices is predicted from the A4 model and to examine 
whether the predicted pattern of slepton mass matrices is consistent with the current 
FCNC experimental bounds. That is the purpose of this paper. 

The paper is organized as follows. In Section 2, we review the ^4 model [6], showing 
values of parameters consistent with neutrino oscillation experiments. In Section 3, we 
evaluate soft supersymmetry (SUSY) breaking terms of sleptons, i.e. soft scalar mass 



^ The D4 flavor symmetry can be realized in supcrstring models [14[ I15j . From this viewpoint, the 
D4 flavor symmetry as well as certain flavor symmetries are interesting, too. 
^See also e.g Ref. [17] and references therein. 
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Table 1: ^4, Z3 and U{1)f charges for leptons and scalars 



matrices and A-terms. We examine FCNC constraints on those SUSY breaking terms 
as mass insertion parameters. Section 4 is devoted to conclusion and discussion. In 
Appendix, we give a brief review on the ^4 group. 



2 A4 X Zs model for leptons 

Here, we discuss the A4 model [6] leading to the tri-bimaximal mixing and show proper 
values of parameters. In the non-Abelian finite group A4, there are twelve group elements 
and four irreducible representations: 1, 1', 1" and 3. We consider the supersymmetric /I4 
model based on [6], with the /I4 and Z3 charge assignments listed in Table [D Under the 
A4 symmetry, the chiral superfields for three families of the left-handed lepton doublets 
Lj (/ = e, /i, r) are assumed to transform as 3, while the right-handed ones of the charge 
lepton singlets Re, R^ and Rr are assigned with 1, 1', 1", respectively. The third row 
of Table [1] shows how each chiral multiplet transforms under Z3, where to = e^'^^'^. The 
flavor symmetry is spontaneously broken by vacuum expectation values (VEV) of two 3's, 
Xi, Xi) and by one singlet, xW: which are SU{2)l x U{1)y singlets. Their Z^ charges 
are also shown in Table [TJ Here and hereafter, we follow the convention that the chiral 
superfield and its lowest component are denoted by the same letter. 

The allowed terms in the superpotential including charged leptons are written by 

Wl = -j-{LeXl+L^X3 + LrX2)ReHd+ -^{LeX2 + L^Xl+LrX3)RtiHd 

+ J-{LeX3 + L^X2 + LrXl)RrHd , (1) 

where |/e, y^ and Hr are couplings, and A is the cut-off scale of the effective superpoten- 
tial. In order to obtain the natural hierarchy among lepton masses ?ne, ran and rrir-, the 



Froggatt-Nielsen mechanism [20] is introduced as an additional U{1)f flavor symmetry 
under which only the right-handed lepton sector is charged. The U{1)f charge values are 
taken as 0, q and 2g for R^-, R^ and R^-, respectively. By assuming that the fiavon <l>, 
carrying a negative unit charge of U{1)fi acquires a VEV ($)/A = A < 1, the following 
magnitudes of couplings are realized through the Froggatt-Nielsen mechanism. 
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When g = 1, we estimate A ~ 0.02. The U{1)f charges are shown in the fourth row of 
Table [H 

The superpotential of the neutrino sector is given as 



W, = ^{L,L, + L^U + UL^)H^H^x 



yi_ 

+ ——[{2LeLe - Lf,Lr - L^L^)Xl + {-LeLr + 2L^L^ - LrLe)X2 

+ (— LgL^ — L^,Le + 2LrLr)X3]HuHu , (3) 

where yi and 1/2 are couphngs of 0{1). After the /I4 x Z3 symmetry is spontaneously 
broken by VEVs of Xi, x'i ^^^^ Xi the charged lepton mass matrix Mi and the neutrino 
mass matrix M^ are obtained as follows, 

^ / ye{Xl) VeiXs) ye{X2) \ 

Ml = j[ y,{x2) y,{xi) y,{x3) , (4) 

V VriXs) yr{X2) VriXl) J 

and 

^2 /3yi(x) + 22/2(x'i) -2/2(X3) -2/2(X2) \ 

M, = -^\ -y^ix's) 2y2{x'2) ^Viix) - y2{x'i) , (5) 

^^ \ -y2{x'2) syiix) - y2{x[) ^y^ix's) J 

where f„ and v^ denote VEVs of Higgs doublets, i.e. {Hy) = Vu and {Ha) = v^. Further- 
more, we define tan/3 = Vu/vd- 

If one can take the VEVs of gauge singlet scalar fields x, Xi and x'i as follows 

ix) = V, {{xi, X2, Xs)) = {Vi, 0, 0), ((x'i, X2, Xs)) = (K, K, K), (6) 

which are actually one of minima in the scalar potential at the leading order as shown in 
ref . [6] , the mass matrices of charged leptons and neutrinos are reduced to 

2/e 
M, = ::^l y, |, (7) 
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The charged lepton mass matrix is diagonal. The neutrino mass matrix can be simplified 

as 

M. = ^ I 1 I + ^qf^ 1-1 2 -1 I . (9) 
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Then, it is easy to find the tri-bimaximal mixing for the lepton flavor mixing matrix Umns 

as, 







a/273 a/T73 
Umns = | -y^ ^/T/S -^/T/2 

-v^ v^ V172 

On the other hand, neutrino masses are given by 



(10) 



rriu = -^{y^y + ?/2K, yiV, -yiV + ysK), 
and using the parameter r = y2Vu/yiV the neutrino masses are expressed as 

yiVvl^ 
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Then, the differences between masses squared are evaluated as 
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which is reconciled with the experimental data for r ~ —1.9 or r ~ —2.1. 

Let us estimate numerical values of a^ o-u and a, which are determined by putting 
the neutrino experimental data. By using Eqs.([7]), flT^ and ([HD, we obtain the following 
relations, 
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We use the experimental data. 
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m^ ~ l.SGeV, Amf,^ ^ 2.4 x 10^'^eV 



Ami, ^ 7.6 X 10~Wi 
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For example, in the case with tan/5 = 3 and |?/^| ~ |yi| ^ |i/2| — 1, we can estimate 
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Moreover, if the breaking scales are assumed to be approximately the same Vi ^ V^ ^ V, 
the scale A ~ lO^^GeV is determined. As the value of tan/3 becomes larger, ai increases. 
For example, for tan/3 = 30 and \yr\ — 1, we obtain ai ~ 0.3. Similarly, ai increases as 
\yr\ decreases. Thus, the above value ai ~ 0.03 is the smallest value for \yr\ < 0{1). On 
the other hand, if we allow a large value of \yr\ like |2/t| ~ 47r, the value of ai would be 
estimated as ai ~ 0.002. Hereafter, we restrict ourselves to the case with a; ~ a^ ~ a 
and we denote their magnitudes by a. 

In the above scenario, it is crucial to choose the proper VEVs, i.e., ([6]). Indeed, such 
VEVs can be realized by a certain form of superpotential at the leading order, as shown 
in ref. [6]. Also, in ref. [6] it has been shown that when the next leading terms are taken 
into account, VEVs shift in the order of (xj)/A and (Xi)/A. Actually, one can obtain 

((Xi,X2,X3)) = (1 +fi'ii«, gi^a, gi-,a)Vu 

(x)=V(l + ^«). (19) 

Here, the parameters, gi^, g^^ and g, are of C(l) when a; ~ «!/ ~ a and couplings in the 
superpotential are of C9(l). With these VEVs, the mass matrices are modified as, 

^ye{l + gi,a) yegna yegh^ \ 

Mi = Vdai\ yf^gi^a yf,{l + gi,a) y^gi^a , (20) 

yrg^a Vrgha yr{l + gi,a)/ 



for the charged leptons, and 




-l-g^^a -1 



M, = ^^'^"^^; ' ""^ I 1 \ + ^^^^ \ -1 - g,,a 2 + 2g,,a -1 - g,,a \ , (21) 

-1 - g^^a 2 + 2g,y.^a 

for neutrinos. These modified mass matrices give the deviation from the tri-bimaximal 
mixing |j. That changes the lepton mixing angles by 0{a). That implies that a large 
value of tan/3, tan/3 ^ 1 and/or a small value of coupling \yr\, {yrl ^ 1 are unfavored 
in this scenario. On the other hand, if a < (9(0.1), the above deviations in the lepton 
mass matrices would not be important to the current accuracy of neutrino oscillation 
experiments. However, such deviations, in particular the deviation from the diagonal form 
in the charged lepton mass matrix, are important from the viewpoint of supersymmetry 
breaking terms as shown in the next section. For the later convenience, here we show 
the diagonalizing matrix of the charged lepton mass matrix, that is, we diagonalize the 
charged lepton mass matrix Mi in Eq. (j4]) by the matrices Vl and Vr, 

Mi=VS{9Ru,9R23,eRn)\ m^ I Vi(^Li2, ^l23, ^lis)- (22) 
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■^Numerical analyses of the deviation from the tri-bimaximal mixing were presented in ref. |22j 



In the usual convention of Oj^^L^ij, we get 

(^Ri2 ~ — -, — r ~ 0{<y), (^R23 ~ — -, — r ~ <^(«), c^ras ~ — -, — r ~ L^(«), 

^L12 ~ 7^ ~ 0(«), ^L23 ~ 7^ ~ 0(«), ^L13 ~ 7^ ~ 0(«), (23) 

(Xi) (Xi) (Xi) 

where we take (X2) ~ (xs) ~ ^(xi) taking account of non- leading corrections as given in 
Eq. (IT9i) . Here we have assumed a < (9(0.1). Values of 9Lij are large compared with those 
of 9itij . 

3 Soft SUSY breaking terms 

We study soft SUSY breaking terms, i.e. soft slepton masses and A-terms, which are pre- 
dicted from the ^4 model discussed in the previous section. We consider SUSY breaking 
within the framework of supergravity theory, where some moduli fields Z and x, Xi ^^^ 
x'i would have non-vanishing F-termsjj F-terms are given as 

F^k = _^^x'^J fgJ^, + ^^) , (24) 

where K denotes the Kahler potential, Kjj denotes second derivatives by fields, i.e. Kjj = 
djdjK and K^'^ is its inverse. In general, the fields $a; in our notation include A4 x Z3- 
singlet moduli fields Z and x? Xj? Xi- Furthermore, VEVs of F$^./$fe are estimated 
as (F$^/$fc) = 0(7713/2), where 7713/2 denotes the gravitino mass, which is obtained as 
m3/2 = (e^/2Af2^/^^2^_ 

3.1 Slepton mass matrices 

First let us study soft scalar masses. Within the framework of supergravity theory, soft 
scalar mass squared is obtained as 



77i}jKjj = 771I/2KJJ + \F''-\^d^,d^^Kjj - iF^^fd^-^Kj^d^^K^jK'^^'. (25) 

The flavor symmetry ^4 x Z3 requires the following form of Kahler potential for left- 
handed and right-handed leptons 

-^matter = 0'{Z , Z ){L^Le + L^L^^ + L^Lr) 

+be{Z, Z^)RlRe + b^{Z, Z^)RlR,, + K{Z, Z^)RlRr , (26) 



^SUSY breaking might be mediated through the gauge mediation and anomaly mediation. They are 
flavor-bhnd. Only if the gravity mediation has a sizable contribution with and without other SUSY 
breaking mediations, we would have a prediction of sfermion spectra from each flavor mechanism. 



at the leading order, where a{Z, Z^) and bj{Z, Z'^) for I = e, fi,T are generic functions of 
moduh fields Z. Then, using eq. (1251) . the slepton mass squared matrices of left-handed 
and right-handed sleptons can be found to be 

/ ml \ f rnl^ \ 

ml=[ ml \, ml=[ ml^ \, (27) 

V mi / V m|3 / 

where all of m^ and m/j. for i = 1,2,3 would be of (9(^3/2). These forms would be 
obvious from the flavor symmetry A4, that is, three families of left-handed leptons are the 
y44 triplet, while right-handed leptons are ^4 singlets. At any rate, it is the prediction of 
the ^4 model that three families of left-handed slepton masses are degenerate. 

However, the flavor symmetry A4 x Z^ is broken to derive the realistic lepton mass 
matrices and such breaking introduces corrections in the Kahler potential and the form 
of slepton masses. Let us study such corrections in the Kahler potential. Because Xi and 
X have nontrivial Z3 charges, their linear terms do not appear in the Kahler potential 
of lepton multiplets. In addition, because of {X2), (Xa) ~ '5(xi), the most important 
correction terms would be linear terms of Xi- That is, the correction terms in the matter 
Kahler potential are obtained 

AK„,attor = 1^ [a[{Z, Z^){2LlL, - 1^1, - LIU) + a',{Z, Z^){LIL, - LIU)] + h.c, 

(28) 
up to 0{a'^A/A'), where a[{Z, Z^) and 02 (^, Z"^) are generic functions of moduli fields. The 
cut-off scale A' might be independent of A, which appears in the effective superpotential. 
For example, if A' is the Planck scale, the above corrections would be negligible. Hereafter, 
we concentrate to the case with A' ~ A. Note that linear correction terms of Xi do not 
appear for the Kahler potential of right-handed lepton multiplets. All of off-diagonal 
Kahler metric entries for both left-handed and right-handed leptons appear at 0{a^), 
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(J -f^matter /■^r~2\ ^ -^i 

1 = U[a ), r 

dL\dLj dR\dRj 



0{a'), ^^^^ma^ ^ ^^^2)^ (29) 



where I, J = e, fi,T and I ^ J. For example, the (1,2) and (2,1) entries for left-handed 
leptons are induced by [x^l ^')L\L^, (x2/A')LjjLe, etc. Similarly, other entries for both 
left-handed and right-handed leptons are induced. Furthermore, corrections including $ 
do not violate the structure of -ft'matter because $ has a trivial charge under A4 x Z3. 
Including these corrections, the slepton masses are written by 
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fO(aX/2), 
< = \ m% \ +0{a'mi,2), (30) 



in the flavor basis, where a']^,a'2 = 0{1). 

The leptonic FCNC is induced by off diagonal elements of scalar mass squared matrices 
in the diagonal basis of the charged lepton mass matrix. The following discussion presents 
that the off diagonal elements are enough suppressed in the left-handed slepton and the 
right-handed slepton mass matrices in the diagonal basis of the charged lepton mass 
matrix, i.e., rfij^ = Vnmj^V^ and m| = Vijm^iyl . In this basis, the slepton mass squared 



matrices are obtained as 



mi = I u ml 









ml = \ 0' ml^ I +0{a'm'y, (31) 

\ 

when a > m^/m^. 

We have a strong constraint on {m\)i2 and (m|,)i2 from FCNC experiments [16], i.e. 

i!^ < 0(10-3), ^^^ < 0(10-='), (32) 

for msusY ~ 100 GeV, where msusY denotes the average mass of slepton masses and it 
would be of 0(7723/2). The above prediction ( 1311) of the /I4 model leads to {m\)i2/mly^Y = 
0(q!^). Because of a ~ 0.03 for i/r — 1, our prediction, (?7i|)i2/mgusY = 0{a'^) = 
0(10"^), would be consistent with the current experimental bound. When we consider a 
larger value of yr, e.g. i/r ~ 3, the predicted value of (m'j^) 12 /m^jjsY would be suppressed 
like (?Ti|)i2/mgusY = C(10"^). On the other hand, a large value of a like a = C(O.l), 
which is obtained for a large value of tan/3 and/or a small value of t/r would be ruled out. 
Similarly, we can estimate {m'j^)i2/mg^gY by using eq. (^11) and results are the same. 

We have studied soft scalar masses induced by F-terms. If we gauge U{1)f, another 
contribution to scalar masses would be induced through U{1)f breaking, that is, contri- 
butions due to the D-term of the U{1)f vector multiplet. Such D-term contributions mjj 
are proportional to U{1)f charges Q of matter fields lI, 

ml = Q{D). (33) 

In general, such D-term contributions may be dangerous from the viewpoint of FCNC. 
However, those D-term contributions in the A4 model do not violate the above form of soft 
scalar masses, (127|) . fl30l) and fl3T|) . because U{1)f charges in Table 1 are consistent with 
the A4 flavor symmetry, that is, Lj (/ = e,^,T) have the same U{1)f charge, while three 
of Ri (/ = e,^,T) have different U{1)f charges. Thus, the predictions on (7Ti|)i2/mgusY 
and (77i|.)i2/mgusY do not change. 

■5 See e.g. [24]. 



Here, we give a comment on radiative corrections. The slepton masses, which we 
have studied above, are induced at a high energy scale such as the Planck scale or the 
GUT scale. The slepton masses have radiative corrections between such a high energy 
scale and the weak scale, although those have been neglected in the above analyses. In 
those radiative corrections to slepton masses, the gaugino contributions are dominant. 
For example, slepton masses at the weak scale are related with ones at the GUT scale 
Mx as 

ml{Mz) = mi(Mx) + 0.5M| + 0.04M|, 

ml{Mz) = m^(Mx) + 0.2M|, (34) 

where M^ and M^ are bino and wino masses, respectively. These radiative corrections 
do not change drastically the above results when these gaugino masses are of 0{m^i2)- 
On the other hand, FCNC constraints would be improved when these gaugino masses are 
much larger than initial values of slepton masses. 

3.2 A-terms 

Now, let us examine the mass matrix between the left-handed and the right-handed 
sleptons, which is generated by the so-called A-terms. The A-terms are trilinear couplings 
of two sleptons and one Higgs field, and are obtained as [23] 



where 



hjjLjRjH, = hZ^LjRjH, + h\fLjRjHa, (35) 

hfj^LjRjHd = -{yLj)LjRiHaF'''^K'^^d^^Kij (36) 



-{yiM)LjRjHaF''^K''''''d^^K 
-{yjj)LjRjHaF'''^K''^d^^KH, 



MJ 



where Kh^ denotes the Kahler metric of Hd-, and yu denotes the effective Yukawa cou- 
plings given as 

I I VeXl VeXS yeX2 

yij = ^ yiMX2 yf,xi Vt^xs | • (37) 

\ VtXS yrX2 yrXi 

Furthermore, when we use the U{1)f Froggatt-Nielsen mechanism in order to obtain the 
lepton mass hierarchy, the couplings, yeyV/j, and yr, are expressed as 

l// = c/(^l {I = e,fi,T), (38) 



where Qj is U{1)f charges. Here we assume that couphngs, Ce, c^ and Ct-, do not include the 
moduh Z, i.e. dzCi = for I = e, fi, r. After the electroweak symmetry breaking, these A- 
terms provide us with the left-right mixing mass squared {Tn\j^ij = hjjVd- Furthermore, 
we use the basis {mf^RJij = (^ii'^ii?^)7'j- The third term in the right hand side of 
eq. fl37|) is diagonalized in this basis. Thus, we do not take the third term into account in 
the following discussion. 

When we consider the leading order of Kahler potential K^l^^^^., the second terms in 
the right hand side of eq. (jSTj), h}j' , is written by [25] 

h\f = {yjj){Af + A^j), (39) 

where Af = -F^dz lnbi{Z, Z'^) and A^ = -F^dz lna{Z, Z^), that is, Af are degenerate 
up to 0{a). Thus, the (2,1) entry of {fh\^ij vanishes at the leading order. However, 
such a behavior is violated at the next order, that is, A^ — A2 = 0{am^j2)i because 
the diagonal (1,1) and (2,2) entries of Kahler metric AKmatter for the left-handed lepton 
multiplets fl28|) have non-degenerate corrections of 0{a). Then, the hjj contribution to 
the (2,1) entry of (?7i|^)/j is estimated as 

(^L)2i ~ {y>.y{A^ - A^)eLu = 0{a^m^m;/2). (40) 

Furthermore, the off-diagonal elements of Kahler metric have (9(a^) of corrections fl29l) . 
and these corrections also induce the same order of (mi/j)2i, i-e. (?7i|^)2i = 0{a'^ 171^1713/2). 
Similarly, we can estimate the (1,2) entry and obtain the same result, i.e., {7h'j^j^)i2 = 
0(q;^?71^?713/2) when a > me/m^. These entries have the strong constraint from FCNC 
experiments as (^iR)i2/''^susY — £^(10"^) and the same for the (2,1) entry for msusY = 
100 GeV. However, the above prediction of the ^4 model leads to ("^ii?)i2/''^susY — 
(9(10""^) for msusY = 100 GeV and a ~ 0.03 and that is consistent with the experimental 
bound. 

Now, let us estimate the first term in the right hand side of (l35i) . hij\ which can be 
written by, 

/^\ (ye{Xl)M ye{X-i)A-i ye{X2)A2' 

(/i/j)= T h/M(x2)^ y^.{xi)Ai y^(x3)^ 

^ ^ \yr{Xz)A:i yr{X2)A2 yr{Xl)M, 

^Qe \ /l/e(Xl) ye{X-i) ye(X2)' 

Q^, y^(X2) y^,{Xl) ^^(Xs) 

Qr \yr{X^) yr{X2) yr{Xl) , 




(41) 



where 



Ao^^, A^^, (2 = 1,2,3). (42) 

^ Xi 

10 



These would be of (9(7713/2). Since the second term of (HT1) is exactly the form of eq. (15^ 
with the degenerate Af, the second term does not change the above estimation of (77i|^)i2 
and {mlj^)2iE 

The first term of pTl) contributes to (7Ti|^)2i as 

(^D2i = yf^VdX2iA2 - Ai)/A ~ m^a{A2 - A^). (43) 

That is, we estimate (^iij)2i/"^susY ~ ^0"^ ^ (^2 ~ ^i)/'"^3/2 for a ~ 0.03. Thus, if 
A2 7^ v4i and Ai = 0(777.3/2), this value of (?^i/j)2i/''^susY would not be consistent with the 
experimental bound for ttisusy = 100 GeV. Hence, a smaller value of a like a = (9(0.001) 
would be favorable to be consistent with the experimental bound and that implies t/r ~ 47r. 
Alternatively, for a ~ 0.03 it is required that Ai = A2 up to (9(0.1). If the non-trivial 
superpotential leading to SUSY breaking does not include Xi^ i-e. (dxtW) = 0, we can 
realize 

A = -(Kfy'm,/2, (44) 



where K ?- is the Kahler metric of the fields Xt- Note that the Kahler metric for Xi are 
degenerate at the leading order, because Xi are the A4 triplet. Hence, we obtain the 
degeneracy between A^, i.e., Ai = A2 = A3 up to (9(a77i3/2). In this case, {m\f()2i is 
suppressed and we can estimate (?Ti|^)2i/77igusY ~ '5^777^/7713/2 = (9(10~^) for a ~ 0.03. 
This value is consistent with the experimental bound. However, the parameter region 
with larger a like a = 0(0.1) is still ruled out. Obviously, the value of (777^^) 21 depends 
on the difference between Ai and A2. If the difference Ai — A2 is smaller than (9 (57773/2), 
(7771^)21 would be suppressed more. 

Here we give a comment on radiative corrections. Similarly to slepton masses, radiative 
corrections to A-terms do not change drastically the above results. Note that Yukawa 
couplings are small, in particular the first and second families. 

3.3 Comparison with other models 

Here we give briefly comments comparing the A^ model and other models. First, let us 
compare with the D4 models P, [121 [13] , which also lead to the tri-bimaximal mixing for 
the lepton sector by choosing proper values of parameters. In both of the ^4 model and 
the 1^4 models, the charged lepton mass matrices. Mi, are diagonal at the leading order, 
but there are small corrections at the next order. That is, in the ^4 model, the (1,2) 
entries, 6*1,12 and 9ri2, of diagonalizing matrices of Mi are estimated as 6*^12 = 0{a) and 
Gri2 = 0{ame/'my) with a ~ 0.03 for the typical values, while in the D4 models, both 
of those entries are estimated as 6*^12 = 6'/ji2 = (9(10~^) - (9(10~^). Thus, these angles 
would be smaller in the D^ models. 



^ Indeed, the Kahler metric hi{Z, Z'') and couplings yi = c/($/A)'5^ lead to the same A-terms as the 
Kahler metric bi{Z, Zt)($/A)^^^ and couplings yi = ci. 
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In the D4 models, the second and third famihes of left-handed and right-handed 
charged leptons correspond to D4 doublets and the first families correspond to Da, singlets. 
Then, the second and third families of left-handed and right-handed slepton masses are 
degenerate at the leading order, while the first families of sleptons masses are, in general, 
independent of the others. On the other hand, in the ^4 model, all the three families of 
left-handed slepton masses are degenerate at the leading order, while the three families of 
right-handed slepton masses are, in general, different from each other. That is, we have 
different predictions in slepton mass spectra between the A4, model and the D^ models. 

In the y44 model, a large value of the entry 6112 = 0{a) like 9li2 ~ a ~ 0.03 would 
not be favorable from the viewpoint of FCNC experimental bounds. However, the triplet 
structure of left-handed leptons is helpful to suppress {jh\^)i2 and {jh\p^i2 and the pre- 
dicted values in a wide parameter space become consistent with the FCNC experimental 
bounds. 

On the other hand, in the D^ models, small values of mixing angles 9li2 = Ojiu = 
C(10~^) are helpful to suppress (?7i|j^)i2, {^rr)i2 and (?7i|^)i2, although the first and 
second families of slepton masses are not degenerate. This situation is the same as one 
for the right-handed sleptons in the ^4 model. Then, both models are consistent with the 
current FCNC experimental bounds. 

Next, we give a comment on other A4 models. Indeed, several A4 models have been 
proposed. For those SUSY A4 models, we can evaluate soft SUSY breaking terms in a 
way similar to section 3.1 and 3.2. We would obtain similar results in the models that 
left-handed and right-handed leptons are assigned to a triplet and singlets, respectively, 
and the angles, 6112 and 6ri2, are similar to the above values. Alternatively, we could 
construct the supersymmetric model, where three families of right-handed leptons are 
assigned with an A4 triplet, while three families of left-handed leptons are assigned with 
three singlets, 1, 1' and 1", that is the opposite assignment of the A4 model of [6]|3 In such 
a model, three families of right-handed slepton masses would be degenerate at the leading 
order, since the right-handed leptons are a triplet. On the other hand, three families of 
left-handed slepton masses would be different from each other. Thus, the prediction on 
soft SUSY breaking terms depend on flavor symmetries and assignments of matter flelds. 

4 Conclusion 

We have studied soft SUSY breaking terms, which are derived from the A4 model. Three 
families of left-handed slepton masses are degenerate, while three families of right-handed 
slepton masses are, in general, different from each other. That is the pattern different 
from slepton masses in the D4 model, where only the second and third families of both 
left-handed and right-handed slepton masses are degenerate 



^Indeed, such non-SUSY model has been studied in [8]. 
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In the wide parameter region, the FCNCs predicted in the SUSY A4 model are con- 
sistent with the current experimental bounds. Thus, the non-Abelain flavor symmetry 
in the A^ model is useful not only to derive realistic lepton mass matrices, but also to 
suppress FCNC processes. If the bound of BR{fi — > 67) is improved in future, e.g. by the 
MEG experiment |26], the allowed parameter space would be reduced, that is, a smaller 
value of a, i.e. a larger value of r/r like i/r ~ 47r, would become favorable. 



Note to be added 

While this paper was being completed, Ref. [27] appeared, where a similar issue was 
studied. 
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Appendix 
A A4 group 

The group A4 has two generators 5" and T, which satisfies S"^ = (ST)^ = T^ = 1. In the 
representation, where T is taken to be diagonal, the elements S and T are expressed as 

/-I 2 2 \ /I 0\ 

5=2 -1 2, T= lo Lu^ o\ . (45) 

\ 2 2 -1/ \0 uj 

Then, twelve elements of the ^4 group are given by 

1, S, T, ST, TS, T^ 
ST^, STS, TST, T^S, TST^ T^ST. (46) 

The product of two triplets 3x3, where 

a = (01,02,03), 6= (61,62, &3)- (47) 

is decomposed as 

3 X 3 = 1 + 1' + 1" + 3 + 3', (48) 
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where 

1 : (ai^i + 02^3 + 0-3^2), 1' : (0363 + 0162 + 02^1), 1" : (02^2 + 0-1^3 + «3^i), 
3 : {2aibi - 0263 - 03^2, 20363 - 0162 - 0261, 202^2 - 0163 - dsh), (49) 

3' : (0263 — 0362, 0162 — 0261, 0163 — a-sbi). 
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